1. Introduction {#sec0005}
===============

Empathy, the affective response that stems from the apprehension or comprehension of another\'s emotional state or condition, allows for the understanding of what another person is feeling or would be expected to feel ([@bib0175], [@bib0415]). The experience of empathy is a powerful interpersonal phenomenon necessary in everyday social interaction. It facilitates parental care of offspring and enables us to live in groups, cooperate, and socialize. It paves the way for the development of moral reasoning and motivates prosocial behavior ([@bib0115]). Children\'s capacities to respond emotionally to the joys and sorrows of others and to express empathic concern are present during the first year of life ([@bib0080]).

Empathic arousal (or affective sharing) is the first element of empathy to appear during ontogeny with deep evolutionary roots ([@bib0090], [@bib0095], [@bib0110], [@bib0150]). For example, neonates contagiously cry in response to the distress of conspecifics that are in their proximity ([@bib0310]). This reaction is heightened specifically in response to hearing the cry of another as opposed to the child hearing his own crying ([@bib0165]). Such affective response to another\'s distress is postulated to be one of the earliest forms of empathy ([@bib0210]), which is also shared in many non-human animal species ([@bib0025], [@bib0065], [@bib0285]).

Later in development, this initial empathic arousal becomes associated with growing differentiation between self and other, allowing for reactions that are more attuned to another\'s state than one\'s own ([@bib0035], [@bib0215], [@bib0325]). With the development of top-down regulatory capacities during childhood that are associated with executive function, emotion regulation, and language, the modulation of empathic arousal occurs, leading to more adaptive responses ([@bib0130]). In childhood, these arousal-based reactions also become the foundation for outward prosocial behaviors, such as helping, altruistic behavior, and compassionate behavior ([@bib0125], [@bib0150], [@bib0290]). Empathetic responses continue to increase throughout infancy, with the earliest forms appearing anywhere from 8- to 16-months and continuing to develop into the second year ([@bib0350]). By 18- to 36-months, empathic arousal becomes more specific, as children show more differential emotional and personal distress in response to another\'s sadness than another\'s pain ([@bib0015]). Importantly, individual differences in the tendency to experience empathic concern versus personal distress vary as a function of dispositional differences in the ability to regulate emotions ([@bib0180]). Moreover, older children are more likely to show empathic concern than personal distress toward another in pain ([@bib0015], [@bib0420], [@bib0395]).

While the development of empathy has been explored for decades in behavioral studies, due to methodological constraints, few functional neuroimaging experiments have been conducted with very young children. One study used functional near-infrared spectroscopy to measure hemodynamic responses while stories eliciting affective and cognitive empathy were presented to children aged 4--8 years ([@bib0045]). Increased signal with age was detected over the medial orbitofrontal cortex and dorsolateral prefrontal cortex in older children. A cross-sectional functional MRI (fMRI) study measured the neuro-hemodynamic activity in response to empathy-eliciting stimuli while participants, ranging from 7 to 40 years of age, viewed visual scenarios depicting people being accidentally or intentionally hurt by another individual ([@bib0130]). Subjective ratings of the stimuli indicated a gradual decrease of pain sensitivity as participants' age increased, with younger participants rating the scenarios as significantly more painful. Interestingly, the younger the participants, the more strongly the amygdala, insula, and ventromedial prefrontal cortex were activated when viewing the stimuli. A negative correlation between age and the degree of neuro-hemodynamic response was found in posterior insula, whereas a positive correlation was detected in the anterior insula. Another fMRI study with 4--37 year-old participants reported stronger empathic sadness in young subjects, and this was associated with enhanced neural activity in the amygdala and insula when viewing intentional harm ([@bib0135], [@bib0140]). An age-related increase in functional connectivity between the ventromedial prefrontal cortex and the amygdala was also found. This convergent pattern of results indicates a developmental change from a visceral emotional resonance to a more evaluative cognitive understanding of the emotional situations presented to the participants.

However, it is important to note that activation of the neural regions involved in the first-hand experience of pain such as the anterior cingulate cortex and insula (often called the pain matrix) when perceiving or even imagining another person in pain or emotional distress ([@bib0280] for a meta-analysis) is not specific to the sensory qualities of pain. Rather, this pattern of response is associated with more general survival mechanisms such as aversion and withdrawal when exposed to danger and threat, and triggers protecting and defensive behaviors ([@bib0090], [@bib0095], [@bib0100]). Furthermore, the neural overlap between the first-hand experience of pain and its perception supports neural reuse theories which posit as a fundamental principle of brain evolution that neural circuits continue to acquire new use after an initial or original function is established ([@bib0120], [@bib0010], [@bib0135], [@bib0140], [@bib0170], [@bib0380]).

To our knowledge, no study has used electroencephalographic event-related brain potentials (EEG/ERP) to examine age-related changes in response to the perception of another\'s distress or pain from early to middle childhood. Previous studies with adults viewing someone being injured have documented the elicitation of specific ERP components, including an early automatic component (EAC, N200) and late positive potential (LPP) ([@bib0050], [@bib0055], [@bib0185], [@bib0250], [@bib0195], [@bib0345]). The EAC within a time window of 200--300 ms is generally found to be dependent on the contextual reality of stimuli whereas the LPP within 500--700 ms was modulated by attention to pain cues ([@bib0190], [@bib0245]). The EAC is often interpreted to reflect information processing associated with valence, whereas the LPP seems modulated by cognitive appraisal ([@bib0295]). One recent study reported that adolescents relative to young adults exhibited an earlier EAC to other\'s pain and greater LPP to neutral stimuli, indicating the development of empathy during adolescence ([@bib0315]). Moreover, convergent electrophysiological evidence supports that the LPP response relates to cognitive appraisal in typically developing children ([@bib0020], [@bib0070], [@bib0085], [@bib0155], [@bib0160], [@bib0225], [@bib0235], [@bib0265], [@bib0270], [@bib0390]). In one study, the early LPP was modulated by both intrinsic (i.e., the stimulus type) and extrinsic (i.e., the re-appraisal description type) manipulations of the emotional significance of the stimuli, whereas the late LPP only reflected extrinsic emotion regulation ([@bib0305]). Furthermore, the linear decline with age of LPP in response to negative stimuli ([@bib0255]) suggests that the LPP increase seems to be a valid index to examine the maturation of cognitive appraisal in childhood ([@bib0225], [@bib0235]).

In addition, *mu* (8--13 Hz band) suppression, considered to represent sensorimotor resonance ([@bib0200], [@bib0340], [@bib0345]), could be an index of the early component of empathic arousal. In adult participants, the perception of others in painful relative to non-painful situations is associated with the increased suppression of *mu* oscillations ([@bib0050], [@bib0055], [@bib0195], [@bib0405]). EEG mu suppression elicited by empathy has been reported in adult participants ([@bib0220]). However, whether *mu* suppression associated with empathy exhibits developmental changes during childhood remains to be determined.

To investigate the developmental trajectories of empathic response to the pain of others during from early to middle childhood, we modified an EEG/ERP paradigm commonly used with adults for children aged between 3 and 9 years old. Based on prior behavioral knowledge about the development of empathy ([@bib0090], [@bib0095], [@bib0150]), it was hypothesized that self-oriented affective arousal when witnessing another individual in physical pain would be associated with a greater EAC response, as indexed by a more negative deflection in the waveform 200--300 ms post-stimulus for Pain vs. No-pain pictures, in very young children compared to older children. As children\'s self-regulation, self-awareness, and perspective-taking abilities become more mature, we anticipated an increase in the LPP response. Moreover, *mu* suppression indexing sensorimotor resonance (or attention) was expected to be stronger in children than in adults.

2. Materials and methods {#sec0010}
========================

2.1. Participants {#sec0015}
-----------------

Seventy-nine typically developing children, 2--9 years old, and fifteen healthy adults, 23--25 years old, participated in this study. Due to insufficient artifact-free trials (\<20), data from 22 children (three 2-year-olds, five 3-year-olds, nine 4-year-olds, three 6-year-olds and two 8-year-olds) were excluded from further analyses (i.e., three fell asleep, four dropped out before behavioral data were collected, and fifteen others failed to concentrate on experimental procedures). The final sample consisted of 57 children (24 girls) and 15 adults (12 females, mean age 22.8 ± 0.8 years). The children were divided into three age groups: 18 4- to 5-year-olds (61.2 ± 6.8 months), 18 6- to 7-year-olds (85.7 ± 7.0 months), and 18 8- to 9-year-olds (108.6 ± 6.6 months). Due to small sample size, the three 3-year-olds were only included in the correlation analyses. All participants provided assent and their parents gave informed written consent for the study, which was approved by the local Ethics Committee (Yang-Ming University Hospital).

2.2. Stimulus materials {#sec0020}
-----------------------

There were a total of 70 dynamic visual stimuli that have been used with adults and children in previous fMRI ([@bib0005], [@bib0130], [@bib0195]) and EEG/ERP studies ([@bib0050], [@bib0060], [@bib0055], [@bib0195]). Half of the stimuli depicted an individual\'s limb in painful situations (Pain) and the other half depicted matched non-painful situations (No-pain). Each series of animated stimuli consisted of three consecutive pictures, edited to the same size (512 × 384 pixels) and presented in a successive manner to imply motion. The durations of presentation of the first, second, and third pictures were 1000 ms, 50 ms, and 1000 ms respectively.

2.3. Procedure {#sec0025}
--------------

Before EEG recordings, the parents of each child filled out the Chinese version of Vineland Adaptive Behavior Scales ([@bib0400]). The VABS assesses adaptive performance for children aged 3- to 12-years-old in the domains of communication, daily living skills, socialization, and motor skills. Specifically, the socialization domain provides a broad estimate of a child\'s social development with good test-retest (*r* = 0.86) and inter-rater reliability (*r* = 0.81), including the items assessing interpersonal relationships, play and leisure time and coping skills. Each item was rated on a 3-point scale, with a higher score indicating increased adaptive performance. The raw scores of each domain can be standardized to allow for comparisons across wide age ranges. According to the standard scores, there are five adaptive levels: low (\<69), moderately low (70--84), moderate (85--115), moderately high (116--130) and high (\>131).

During the EEG recordings, children were seated in front of a 17-in. color monitor at a distance of approximately 75 cm. The stimuli were presented in the center of a gray background on the monitor with visual angles of 12° horizontally. After a brief description of the experiment, EEG sensors were attached. The experiment contained 8 blocks (20 trials each). The participants were allowed to take a break between the blocks for as long as they needed. [Fig. 1](#fig0005){ref-type="fig"} demonstrates the stimulus event of a single trial. Each trial started with a fixation mark at the center of the screen for a jittered duration between 500 ms and 1500 ms. After the fixation marker, the dynamic animations were presented for 2050 ms, followed by a blank screen for 200 ms. The order of the stimulus condition was randomized within each block. Participants were asked to attend to the screen whenever visual stimuli were presented. Eye tracking was simultaneously recorded with EEG in order to monitor whether participants were paying attention to the stimuli.Fig. 1Paradigm structure and examples of visual stimuli used in the study.

2.4. Apparatus and recordings {#sec0030}
-----------------------------

Eye tracking data were recorded with a Tobii X120 Eye Tracker. EEG signals were continuously recorded from the scalp using the NuAmps (NuAmp, Neuroscan, Inc.). F3, Fz, F4, C3, Cz, C4, P3, Pz, and P4 were selected from the 32-channel cap for signal recording. Scalp impedance for each sensor was kept below 5 kΩ. Signal was recorded at a rate of 512 Hz, with the linked bilateral mastoids as the reference. A ground electrode was placed on the forehead. Eye blinks and vertical eye movements were monitored with electrodes located approximately 1 cm above and below the left eye. Horizontal eye movement was recorded from electrodes placed approximately 1 cm lateral to the left and right external canthi. Furthermore, careful visual inspection in every trial and application of appropriate digital low-pass filters at 100 Hz ensured that muscle artifacts did not significantly contaminate even the most lateral electrodes. After visual inspection, trials that contained non-ocular artifacts were excluded from averaging. The algorithm designed to reduce ocular artifacts was then used for eye blinking correction. On average, each child had 106 valid trials (54 pain-trials; range: 44--67 trials) and each adult had 149 valid trials (74 pain-trials; range: 69--80 trials).

The paradigm was run with E-Prime (Psychology Software Tools, USA), in which every (visual) event was associated with a digital code (trigger) that was sent to the continuous EEG, allowing off-line segmentation and averaging of selected EEG periods for analysis by Neuroscan 4.4 (Compumedics Ltd., Australia). The EEG data were epoched over an analysis time of 2300 ms, including a pre-stimulus 250 ms for the baseline correction. An IIR filter of 0.1--30 Hz was applied before epoching. An automated artifact rejection system excluded any trials that contained transients exceeding ±100 μV at any recording electrodes, including the electro-oculogram. Abnormal data that did not meet the transiency criterion (e.g., abnormal slopes, low activity, etc.) was excluded from further visual inspection.

2.5. Statistical analyses {#sec0035}
-------------------------

The ERP components were chosen according to visual inspection of the grand-averaged data as well as prior knowledge. For the ERP time-locked to the presentation of the first picture, EAC was selected within a time window of 100 ms (200--300 ms) based on previous ERP studies using similar stimuli ([@bib0050], [@bib0055]). For the ERP time-locked to the third picture, according to previous child studies ([@bib0155], [@bib0230]), early and late LPP was defined within a time window of 250-ms centered at the peak latency of the difference wave (500--700 ms). The difference wave was obtained by subtracting the No-pain from the Pain condition. Statistical analysis, using four-way mixed ANOVA with two between-subject factors: (1) age group (4--5 year vs. 6--7 years vs. 8--9 years vs. adults) and (2) gender (boys vs. girls); and two within-subject factors: (1) stimulus (Pain vs. No-pain) and (2) electrode (Fz, Cz, Pz) was computed. The dependent variable was the mean amplitudes of the EAC, early and late LPP. Degrees of freedom were corrected using the Greenhouse--Geisser method. Tukey\'s test was conducted only when preceded by significant effects. Finally, correlation analyses were calculated to test to what extent the difference waves (Pain vs. No-pain) of the EAC and LPP co-vary with age.

2.6. EEG mu power spectrum analysis {#sec0040}
-----------------------------------

To assess sensorimotor resonance for pain empathy, the power of *mu* rhythm was computed from the adjacent frequencies (±2 Hz) of the individualized largest power around 6--10 Hz for children and 8--12 Hz for adults and from the mean of electrodes C3, Cz, and C4 despite data being obtained from all electrodes ([@bib0030], [@bib0405]). The power spectrum densities were computed with a fast Fourier transform (FFT) and then averaged epochs for the third picture. Reflection (i.e., symmetrical extension) extended the data in the pre-stimulus baseline (250 ms) to match the data set in the Pain and No-pain conditions (1000 ms). This approach eliminates the discontinuity by tacking on the end points in reverse order ([@bib0365]). Segments with equal data length were calculated for comparisons among conditions. Hamming window was applied to smooth the truncation for reducing the ripple effect. The ratio of the power density during each condition (Pain vs. No-pain) relative to the power density during the pre-stimulus baseline was used to control variability in absolute *mu* power resulting from individual differences, e.g., scalp thickness and electrode impedance, as opposed to pain empathy-related activity. The log transformation (the logarithm to the base e) was calculated for each ratio to correct for the inherent non-normality of ratio data as a result of lower bounding. Statistical analysis, using two-way mixed ANOVA with one between-subject factor: age group (4--5 years vs. 6--7 years vs. 8--9 years vs. adults) and one within-subject factor: stimulus (Pain vs. No-pain), was computed with the dependent variable as the log transformed *mu* power ratio in response to the stimuli. Bonferroni tests were conducted only when preceded by significant effects.

3. Results {#sec0045}
==========

3.1. Behavioral performance {#sec0050}
---------------------------

The participants' demographics and VABS scores are listed in [Table 1](#tbl0005){ref-type="table"}. Standard score of the socialization domain for all subjects were within moderate level, above the lower limit of normal ranges (70, 2 SD below the mean of the norms of their age level), indicating that all participants were typical in socialization.Table 1Demographics of study children participants.Age groups4--5 years-old\
(*N* = 18)6--7 years-old\
(*N* = 18)8--9 years-old\
(*N* = 18)Age (months)61.2 ± 6.885.7 ± 7.0108.6 ± 6.6Gender (M/F)11/79/911/7VABS4--5 years-old\
(*N* = 18)6--7 years-old\
(*N* = 18)8--9 years-old\
(*N* = 18)*M* ± SDRange*M* ± SDRange*M* ± SDRangeIR27.4 ± 5.421--3127.2 ± 6.014--3329.0 ± 2.625--34PT26.0 ± 6.615--3630.2 ± 5.620--3631.7 ± 3.826--36CS14.9 ± 4.59--2420.8 ± 6.89--3524.8 ± 4.718--33SL66.3 ± 11.446--9178.4 ± 13.444--10485.4 ± 8.570--103[^2]

3.2. Electrophysiological data {#sec0055}
------------------------------

The grand-averaged waveforms of ERPs evoked by Pain vs. No-pain across age groups are illustrated in [Fig. 2](#fig0010){ref-type="fig"}.Fig. 2Grand-averaged ERPs (EAC vs. early LPP vs. late LPP) in response to perceiving individuals in painful and non-painful situations (Pain, red vs. No-pain, blue) at electrode sites Fz, Cz, and Pz across age groups. For the sake of clarity, different scales are used for the ERP waves in children and adults (\*, *p* \< 0.05). The ERP components that showed significant stimulus effects are highlighted in different colors (EAC, green; early LPP, gray; late LPP, orange). The bar graphs present the averaged amplitudes across electrodes that were statistically significant. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

For EAC, a four-way mixed ANOVA with the stimulus (Pain vs. No-pain) and region (Fz, Cz, Pz) as within-subject variables and the age group (4--5 year-olds vs. 6--7 year-olds vs. 8--9 year-olds vs. adults) and gender (boys vs. girls) as between-subject variables showed significant main effects of the stimulus \[*F*(1, 61) = 8.12, *p* = 0.006, *η*^2^ = 0.12\] and age group \[*F*(3, 61) = 7.34, *p* \< 0.001, *η*^2^ = 0.27\]. The interaction for age group × electrode was significant \[*F*(6, 122) = 4.36, *p* = 0.004, *η*^2^ = 0.18\], but the stimulus × age group, stimulus × electrode and stimulus × age group × electrode were not (*p* \> 0.1). The Pain relative to No-pain condition elicited a more positive-going EAC response. Gender and gender-related interactions were not significant (*p* \> 0.1). The follow-up analyses indicated that children displayed greater amplitudes than adults at electrode Pz (*p* = 0.009), but not at Fz and Cz (*p* = 0.12; *p* = 0.17).

For early LPP, the main effect of stimulus reached significance \[*F*(1, 61) = 17.87, *p* \< 0.001, *η*^2^ = 0.23\], but the age group did not \[*F*(3, 61) \< 1.00, *p* \> 0.1\]. There were significant interactions for age group × electrode \[*F*(6, 122) = 4.61, *p* = 0.002, *η*^2^ = 0.19\] and stimulus × electrode \[*F*(2, 122) = 5.87, *p* = 0.005, *η*^2^ = 0.09\], and a marginal interaction for stimulus × age group × electrode \[*F*(6, 122) = 2.02, *p* = 0.078, *η*^2^ = 0.09\], but none for the stimulus × age group and stimulus × age group × electrode (*p* \> 0.1). Gender and gender-related interactions were not significant (*p* \> 0.1). The follow-up analyses showed that children exhibited larger amplitudes than adults did at Fz and Cz (*p* = 0.032; *p* = 0.018), but not at Pz (*p* = 0.25). The Pain vs. No-pain differentiation was found at Cz and Pz (*p* = 0.031; *p* = 0.019), but none at Fz (*p* = 0.19). The effect size for the stimulus × age group at Pz tended to be medium (*η*^2^ = 0.054), whereas those at Fz and Cz were small (0.009; 0.025).

For late LPP, the stimulus \[*F*(1, 61) \< 1.00, *p* \> 0.1\] and age group \[*F*(3, 61) \< 1.00, *p* \> 0.1\] did not reach significance. The interaction of age group × electrode was significant \[*F*(6, 122) = 2.79, *p* = 0.031, *η*^2^ = 0.12\], but the stimulus × electrode, age group × stimulus, and age group × stimulus × electrode were not significant (*p* \> 0.1). Gender and gender-related interactions were not significant (*p* \> 0.1). Children differed from adults at electrode Pz (*p* = 0.035), but not at Fz and Cz (*p* = 0.19; *p* = 0.33).

3.3. Correlations with age {#sec0060}
--------------------------

In 3- to 9-year-old children, the difference wave of EAC (Pain vs. No-pain) was negatively correlated with age \[Fz: *r*(57) = −0.35, *p* = 0.009; Cz: *r*(57) = 0.34, *p* = 0.012; C3: *r*(57) = −0.42, *p* = 0.001; C4: *r*(57) = −0.33, *p* = 0.013\] ([Fig. 3a](#fig0015){ref-type="fig"}). When children and adult participants were included, the relationship between the EAC difference and age became linear \[Cz: *r*(72) = −0.29, *p* = 0.028\] and quadratic \[*F*(2, 69) = 3.72, *p* = 0.02\] (Supplementary Fig. s1). In 3- to 9-year-old children, the difference wave of early LPP (Pain vs. No-pain) was positively correlated with age \[Pz: *r*(57) = 0.29, *p* = 0.029\] ([Fig. 3b](#fig0015){ref-type="fig"}). When children and adult participants were combined, the relationship between the early LPP difference and age became linear \[*F*(1, 70) = 3.69, *p* = 0.046\] and quadratic \[*F*(2, 69) = 4.01, *p* = 0.021\] (Supplementary Fig. s2). Neither EAC nor LPP had a quadratic relationship during childhood. Furthermore, to examine the robustness of the age effects, the number of trials dropped was modeled as a nuisance regressor and all the above correlations remained significant \[EAC/C3: *r*(57) = −0.39, *p* = 0.002; EAC/Cz: *r*(57) = −0.31, *p* = 0.019; EAC/C4: *r*(57) = −0.30, *p* = 0.023\]; early LPP/Pz: *r*(57) = 0.26, *p* = 0.05\]. Hence, as age increased, EAC differences diminished and LPP differences increased in response to perceiving the Pain relative to the No-pain condition.Fig. 3Correlations between the ERP difference wave (Pain vs. No-pain) and age. (a) Early automatic component (EAC). (b) Early late positive potential (LPP). Open dots on the right side of the plot represent the data from adults' mean amplitudes of ERP difference wave, and lines above and below the dots correspond to 95% confidence intervals.

3.4. Mu suppression indicative of sensorimotor resonance or attention {#sec0065}
---------------------------------------------------------------------

The sensorimotor resonance for pain empathy in each age group (4--5 years vs. 6 --7 years vs. 8--9 years vs. adults) is illustrated in [Fig. 4](#fig0020){ref-type="fig"}. The age group had a main effect \[*F*(3, 65) = 8.46, *p* \< 0.001\], indicating that children showed stronger *mu* suppression than adults did \[familywise error rate (FWER) \< 0.05\]. In spite of no significant interaction \[*F*(3, 65) = 1.47, *p* \> 0.05\], the age group × stimulus had a medium to large effect size (*η*^2^ = 0.64). When three age groups of children participants were combined for direct comparison between children and adults, the age \[*F*(1, 31) = 47.81, *p* \< 0.001\] and the stimulus \[*F*(1, 31) = 8.70, *p* = 0.006\] had main effects in addition to the interaction of age × stimulus \[*F*(1, 31) = 7.67, *p* = 0.009\] (Supplementary Fig. s3). The post hoc test, using *Bonferroni* correction, revealed that the stimulus effect (Pain vs. No-pain) mainly came from the adult group (FWER \< 0.05), not from the child group (*p* \> 0.1).Fig. 4*Mu* suppression in each age group.

4. Discussion {#sec0070}
=============

While a large body of developmental work has explored how infants and children respond to the distress of another person ([@bib0015], [@bib0260], [@bib0350], [@bib0415]), relatively few studies have examined the neural underpinnings of these reactions as children develop, and none has included very young children as early as 3 years of age. Such studies are important to advance our understanding not only of typical development but also neurodevelopmental disorders associated with socioemotional deficits.

Using EEG/ERP, this study documents neurophysiological markers of the development of empathy in typically developing children between the ages of 3--9 years. Results indicate that, as children age, the difference in the EAC amplitudes between Pain and No-pain, as an index of affective arousal or affective sharing, decreased. In an opposite pattern, the difference wave of LPP, reflecting cognitive appraisal, increased with age. Interestingly, as compared to previous EEG/ERP studies with adults ([@bib0050], [@bib0055]), the stimuli induced stronger *mu* suppression in children with no differentiation between painful and non-painful stimuli. These findings provide neurophysiological evidence, as indicated by a decrease of affective arousal but an increase of cognitive appraisal, for the developmental course of empathy in childhood. They also support a shift from affective arousal to more empathic understanding, which has been theorized on the basis of behavioral observations ([@bib0180], [@bib0415]). Based on an ontogenetic framework, empathy begins with a primitive affective resonance mechanism and gradually matures into other-oriented responses ([@bib0130], [@bib0175]). Children who display more mature mental abilities and executive control tend to be relatively more empathetic, and are more likely to engage in prosocial behaviors ([@bib0035], [@bib0290], [@bib0325]). Infants in their first year begin to show signs of concern for others when they are in distress and are already responding in socially appropriate ways when viewing others in distress or pain ([@bib0420]). This basic emotional motivation requires not only an affective reaction elicited by someone else\'s emotional state, but also a basic attribution of mental states. These early signs of empathy require only minimal mindreading and perspective taking capacities. Rather, they merely necessitate the capacity for emotional contagion and the capacity to attribute distress to another ([@bib0080]). Not only do very young children make pain attributions, but also studies on comforting behavior demonstrate that they also respond to a variety of distress cues, and they direct their comforting behavior in ways that are appropriate to the target\'s distress. For example, in experimental studies of one-year olds, crying also elicited comforting behaviors, as did coughing and gagging ([@bib0350]). Furthermore, in these studies, the children often comfort the target in appropriate ways and actually make pain attribution in conjunction with their comforting behavior and recognize what the target is distressed about.

Consistent with previous findings from adults ([@bib0050]), the stimulus effect was seen for the EAC in children, as indicated by more positive deflections in response to the Pain than No-pain at a time window of 200--300 ms. Specifically, this component had the peak latency around 200--300 ms in 4--5 year-olds, which was obscured in 6--7 and 8--9 year-olds. The age-related decrease of the EAC difference wave reflects that aversive responses at the sight of an imminent harm to others declines with age. Behavioral studies point out an age-related decline of emotional distress in response to others' distress in childhood ([@bib0015], [@bib0180], [@bib0260]). An fMRI study in participants aged 7--40 years old reported compatible results: an age-related decrease was noted in the subjective evaluations of pain intensity and the neuro-hemodynamic response in the amygdala and posterior insula when perceiving others being hurt ([@bib0130]).

Only early LPP was detected in children, whereas both late and early LPP were observed in adults. Early LPP was evident at Cz in 4--5 year-olds but at Cz and Pz in older children. Being the gateway to conscious recognition ([@bib0300], [@bib0360]), LPP reflects stimulus representation in working memory ([@bib0360]) and facilitates attention to emotional stimuli for later processing ([@bib0075], [@bib0355]). Being sensitive to the manipulation of cognitive appraisals ([@bib0205], [@bib0240]), LPP may index emotional regulation and reappraisal. The appraisal modulation of LPP was associated with parent-report measures of emotion regulation in children ([@bib0155]). Stronger LPP amplitudes elicited by the perception of others' pain have been associated with higher scores in the perspective taking subscale of interpersonal reactivity index ([@bib0050]). Age-related changes in LPP during adolescence have been proposed to reflect the cognitive aspects of empathy ([@bib0315]). Furthermore, in line with previous studies that showed that LPP to affective picture processing might end earlier during childhood ([@bib0225], [@bib0275]), we found an absence of a late LPP to others' pain among young children. While one NIRS study demonstrated that older compared to younger children displayed stronger activation in prefrontal cortex in response to empathy-eliciting stories ([@bib0045]), the present results extend to show an age-related increase of LPP for pain empathy from early to middle childhood.

The present study did not find any gender difference in both the EAC and LPP response to pain empathy. Although several studies of young children have found gender differences (e.g., [@bib0260], [@bib0385], [@bib0410]), other studies have not (e.g., [@bib0385]). One cross-sectional developmental fMRI study with 4--17 year-old participants did not find gender-related differential activation in the regions associated with affective sharing (anterior insula and anterior cingulate cortex) and no interaction between gender and age, but female participants scored higher than males on self-reported dispositional empathy, a difference that increased with age ([@bib0320]). The results of that latter study suggest a dissociation between explicit ratings and neurophysiological measures of empathic arousal.

Unlike adults, children aged 3--9 years old showed *mu* suppression sensitive to action observation, but not specific to the empathy condition. The age-related decrease of *mu* suppression, as evidenced by the smaller scale in adults (see [Fig. 4](#fig0020){ref-type="fig"}), is in line with one developmental study ([@bib0335]). The sensorimotor recruitment, as indicated by *mu* suppression, involved during the observation and execution of hand actions, emerges early in human infancy ([@bib0330]). Previous studies with adults and adolescents demonstrated that the perception of others in Pain versus No-pain induces stronger *mu* suppression ([@bib0050], [@bib0060], [@bib0055], [@bib0405]). Here, children showed no differential *mu* suppression for Pain vs. No-pain, suggesting that the neural mechanisms underpinning sensorimotor resonance of pain empathy may be immature in childhood. Alternatively, this finding may be attributed to a heightened attentional response to potential danger with regard to some of the No-pain stimuli picturing a knife or a scissor close to a hand (see [Fig. 1](#fig0005){ref-type="fig"}). It is worthy of note that this result supports the view that affective sharing is not mediated by sensorimotor resonance ([@bib0040], [@bib0055], [@bib0100], [@bib0105], [@bib0110], [@bib0145]).

There are several limitations that need to be acknowledged. First, many of the participants aged 2--3 years old were excluded from data analysis because of insufficient artifact-free trials for the ERP analysis. Three 3-year-olds included in the correlation analysis do not provide sufficient power and may not be representative of this age. Second, the averaged number of trials for grand-averaged ERP increased with age because older children were generally more cooperative than younger children. This might confound the age-related ERP results. Third, the EAC, whose source localization is located at prefrontal cortex, reflects negative arousal concordant with anticipatory processes about imminent harm delivered to others ([@bib0050]). It is worth mentioning that the prefrontal cortex is not functionally mature until early adulthood ([@bib0370], [@bib0375]). The age-related decrease of EAC differences to others' pain during childhood might negate the anticipatory effect of aversive responses. In addition, physiological development during childhood and adolescence could partially contribute to the age-related ERP changes. In this study, these electrophysiological results could be the first step. More neurodevelopmental works from early childhood to adulthood is warranted to clarify the complex interrelationships between anticipatory and emotional processes underlying the neuro-cognitive components of empathy, particularly measuring trial-by-trial valence and arousal.

In conclusion, our study provides the first neurophysiological evidence for important developmental changes in empathic processing in children aged 3--9 years old. The difference wave of EAC, detected in young children when they viewed others in physical pain decreased with age. The difference wave of early LPP increased with age. These age-related changes may reflect a decrease in affective sharing/arousal and an increase in cognitive appraisal as empathy develops.
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